Ab-initio calculations were performed on the scheelite type MGeO 4 (M = Hf, and Zr) compounds which find wide range of applications such as in x-ray imaging. We have studied the high pressure structural stability, elastic constants, electronic structure and optical properties of these compounds through density functional theory calculations. Two different density functional approaches namely plane wave pseudopotential method (PW-PP) and full potential linearized augmented plane wave method (FP-LAPW) were used for the present study. The ground state structural and vibrational properties are calculated and found to be in good agreement with experimental data. The compressibility of Zr and Hf germanates is found to be anisotropic as the a-axis is less compressible over c-axis due to the presence of Ge-O bonds along a-axis which is further confirmed from the ordering of the elastic constants that follows C 11 > C 33 . The electronic structure of the compounds has been calculated through recently developed Tran Blaha-modified Becke Johnson potential. The calculated electronic structure shows that the compounds are insulators with a gap of 5.39 eV for ZrGeO 4 and 6.25 eV for HfGeO 4 respectively. Optical anisotropy of these compounds are revealed from the computed optical properties such as complex dielectric function, refractive index, and absorption coefficient. In addition, it is observed that Ti doped ZrGeO 4 and HfGeO 4 turns out to be a good phosphor as the pristine compounds have the energy gap greater than the visible range upon Ti doping bandgap reduces as a result emission spectra occurs in the visible region and is well explained in the present study.
Introduction
Phosphors have wide range of applications in x-ray imaging, detection, fluroscopy etc. Phosphors are used in the medical field particularly as x-ray imaging. The role of these phosphors is to reduce the exposure to x-rays while ensuring sharpness of the image. Inorder to increase the sharpness of the image we need higher density phosphor with sufficient conversion efficiency. A good x-ray phosphor must be a good absorber of x-ray, with high density and, high luminescence efficiency. [1] [2] [3] Over the past few decades several x-ray phosphors like BaFCl, Gd 2 O 2 S, Ln 2 O 3 , Sr 2 CeO 4 , AB 2 O 4 (A=Sr, Zn, and Ca; B=Ga, In, Y, and Al), LuTaO 4 :Nb, Hf 3 SnO 8 :Nb, BaHfO 3 , HfO 2 :Ti were developed. 1, 2 It is well known that scheelite type ABO 4 compounds can serve as good x-ray phosphors.
Among the ABO 4 compounds germanates of Zr and Hf possess high density and high conversion effeciency which enables them to use as x-ray phosphors. When doped with an impurity atom like Ti both ZrGeO 4 and HfGeO 4 are found to act as high density x-ray phosphors. 2, 4 These germanates have also been used as solid state scintillators, 5 heterogeneous catalysts, 6 and laser-host materials. 7 The scientific research on the scheelite type compounds is mainly focused on the structural stability of the compounds under high pressure. [8] [9] [10] [11] [12] These studies concluded that the scheelitestructured compounds transform to monoclinic structure under high pressure. In contrast to these oxides, germanates of Zirconium and Hafnium have been relatively less studied both from theory and experiment. Panchal 
et al. experimentally reported the equation of state (EOS) of ZrGeO 4 and
HfGeO 4 up to the pressure of 20 GPa. 13 The study reveals that both the compounds do not undergo any phase transition upto the pressure of 20 GPa, in contrast to that of ThGeO 4 , 14 which undergoes phase transition from scheelite structure to monoclinic fergusonite structure. This strongly suggests that there is a clear need to understand the high pressure structural stability of germanates of Zirconium and Hafnium from theoretical point of view to address the peculiar high pressure characteristics.
Theoretical study based on density functional theory calculations is an effective way to understand the properties of solid materials at ambient as well as at high pressures. In this present work, we aim to understand the high pressure structural stability of ZrGeO 4 and HfGeO 4 and also shed light on the optical properties with the help of electronic structure by performing the first principles density functional calculations. In addition, the main goal of the present work lies in highlighting the effect of Ti doping in ZrGeO 4 and HfGeO 4 as they are claimed to be good phosphors. The rest of the paper is organized as follows: section 2 deals with the computational details of the present study. Results and discussion are given in section 3 and we end the paper with the conclusions of the present study in section 4.
COMPUTATIONAL DETAILS
The crystal structure, elastic and vibrational properties were calculated using Cambridge Sequential Total Energy package. [15] [16] [17] We have used Vanderbilt-type ultrasoft pseudopotentials 18 with a planewave expansion of the wave functions. The electronic wave functions were obtained using density mixing scheme 19 and the structures were relaxed using the Broyden, Fletcher, Goldfarb, and Shannon (BFGS) method. 20 The exchange-correlation potential of Ceperley and Alder 21 parameterized by Perdew and Zunger 22 in the local density approximation (LDA) and also the generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) parameterization 23 was used to describe the exchange-correlation potential. The pseudo atomic calculations were performed for Zr 4d 2 5s 2 , Hf 5d 2 6s 2 , Ge 4s 2 4p 2 and O 2s 2 2p 4 . The Monkhorst-Pack scheme of k-point sampling was used for integration over the Brillouin zone. 24 The convergence criteria for structure optimization and energy calculation were set to ultra fine quality. We have used a cutoff energy of 420 eV and 4x4x4 k-points grid for all the calculations. In the geometry relaxation, the self-consistent convergence threshold on the total energy is 5x10 −7 eV/atom and the maximum force on the atom is 10 −4 eV/Å. The elastic constants are calculated for the optimized crystal structure at ambient conditions by using volume-conserving strain technique 25 as implemented in CASTEP code. We have relaxed the internal co-ordinates of the strained unit cell to arrive at the elastic constants.
The electronic structure and optical properties have been calculated by using the full-potential linearized augmented planewave method as implemented in WIEN2k code 26, 27 by using the origin choice of 2. For the calculation of electronic structure we have used a 10x10x10 k-grid with 144 k-points in the irreducible Brillouin zone (IBZ) and 18x18x18 k-grid with 780 k-points in IBZ for the calculation of optical properties for the k-space integration. We have used the convergence parameter R MT K max = 9, where K max is the planewave cut-off and R MT is the smallest of all atomic sphere radii, and the muffin-tin radius was assumed to be 2.13, 1.80, 1.54 a.u for Zr, Ge, O elements respectively in the case of ZrGeO 4 compound, and 2.12, 1.87, 1.47 a.u for Hf, Ge, O respectively for the compound HfGeO 4 . Electronic structure calculations were performed using Perdew-Burke-Ernzerhof (PBE), 23 Engel-Vosko, 28 and Tran and Blaha modified Becke-Johnson potential (TB-mBJ). 29, 30 In order to study the effect of Ti doping in ZrGeO 4 and HfGeO 4 , supercell of size 2x1x1 has been constructed where Zr and Hf replaced by Ti (0.25) atom (muffin-tin radii of Ti 2.13 a.u in case of ZrGeO 4 and 2.12 a.u in case of HfGeO 4 compound). With this supercell structure we have calculated the electronic and optical properties in order to find the effect of doping on these properties with the TB-mBJ functional.
Results and discussion
Crystal structure at ambient pressure
The compounds ZrGeO 4 , HfGeO 4 crystallize in tetragonal crystal structure with spacegroup I4 1 /a (88) with 4(b) Wyckoff Positions for M (Zr, Hf) atom and 4(a) and 16(f) for Ge, O atoms respectively. The structure consists of an isolated GeO 4 tetrahedron linked by eightfold co-ordinated metal cation polyhedra. 31, 32 The scheelite crystal structure of HfGeO 4 is shown in Figure 1 . As a first step, we have optimized the experimental crystal structure of both the compounds ZrGeO 4 and HfGeO 4 by using LDA and GGA. The calculated equilibrium lattice parameters of both the compounds using LDA and GGA exhange-correlation functionals are presented in Table 1 along with the experimental data. The difference between the computed and experimental volume is less within LDA as compared to GGA. The calculated volume at the LDA level is underestimated by 3.8 %, 2.5% whereas the GGA over estimated the volume by 3.2 %, 8.3% for ZrGeO 4 and HfGeO 4 respectively. Therefore for the ground state structural properties of Zr and Hf based scheelite compounds, the agreement between the theoretical and experimental values is good with LDA over GGA. This is in good accord with the earlier theoretical reports on the scheelite structured compounds where LDA works well in the description of crystal structure. 14 
Structural properties under pressure
To study the effect of hydrostatic pressure on the crystal structure of ZrGeO 4 and HfGeO 4 , we have used variable cell optimization technique as implemented in CASTEP code. We applied low compressibility. The bulk modulus of these compounds are found to be greater than that of other scheelite type compounds CaWO 4 (74 GPa), 11 SrWO 4 (63 GPa), 11 PbWO 4 (66 GPa), 11 and ThGeO 4 (183 GPa). 14 Therefore both these compounds are hard and less compressible than the above mentioned scheelite compounds.
The variation of lattice parameters 'a' and 'c' with pressure are given in Figure 5 (a) for ZrGeO 4 and in Figure 5 This may also be due to fact that in both the compounds Ge-O bonds are aligned along the a-axis.
The Mulliken bond population of Ge-O and M(Zr, Hf)-O are found to be 0.58, 0.34 for ZrGeO 4 and 0.56, 0.40 for HfGeo 4 respectively. This clearly show that both the materials are covalent in nature.
Bulk modulus and elastic constants
The elastic constants have been calculated in order to assess the mechanical stability of the studied compounds. Since the compounds have tetragonal crystal symmetry there are six independent elastic constants namely, C 11 , C 12 , C 13 , C 33 , C 44 and C 66 . The calculated elastic constants are presented in Table 2 . To the best of our knowledge there are no experimental data available to compare with the present values. The mechanical stability of the tetragonal crystal requires the whole set of elastic constants satisfying the Born-Huang criterion 33 given by C 11 > 0, C 33 > 0, type structured Zr and Hf germanates to be mechanically stable systems. The bulk modulus of the compounds is calculated by using the elastic constants data and the value is given in Table 2 . The calculated bulk modulus of both the compounds is in fair agreement with the experimental values.
The calculated bulk moduli from the elastic constants agree well with those directly obtained from but lower when compared to HfGeO 4 (B=266.6 GPa).
Electronic properties
It is well known that the scheelite structured ABO 4 compounds are wide-band gap semiconductors. 8 To the best of our knowledge there are no studies available on electronic structure and optical and CBM occur along Γ and H respectively. The band gaps calculated using the three exchange correlational functionals GGA-PBE, EV-GGA, and TB-mBJ are presented in Table 3 .
The calculated density of states (DOS) for the investigated compounds are shown in Figure 7 (a) and 7 (b) respectively, which are helpful in identifying the character of band states at different 
Optical properties
Optical properties of ZrGeO 4 and HfGeO 4 have been studied by using the TB-mBJ potential. In order to calculate the optical properties we have used a denser k-point grid of 18x18x18 to arrive at the accurate optical properties. The complex dielectric function (ε(ω) = ε 1 (ω) + iε 2 (ω)), which gives the response of the material to external photon perturbation, consists of real and imaginary parts. The real part of the dielectric function ε 1 can be calculated from the imaginary part by using For both the compounds we observed the absorption spectra mostly in the region 6-40 eV i.e, in the ultraviolet region.
It is reported that MGeO 4 :Ti (M=Zr, and Hf) are good phosphors. 2, 4 In order to study the effect of Ti addition on these compounds, we have calculated the electronic and optical properties of to the reduction in the band gap, moreover it is also found that HfO 2 :Ti is a good phosphor. In our present study we also observed the band gap to reduce with the addition of Ti. We have also calculated the absorption spectra of Ti doped ZrGeO 4 and HfGeO 4 compound as shown in Figure   10 (c) and Figure 10 (d) and found the spectra shift to lower energy region compared to the host compound. As a result we may expect the emission spectra to be in the visible region which might be a reason for these compounds to be good phosphor with the addition of Ti.
(a) (b) Figure 6 : Calculated band structure of MGeO 4 (M = Zr, Hf) along the high symmetry directions using TB-mBJ functional at the experimental lattice constants. 
Vibrational properties
Vibrational properties are obtained by the use of linear response method within the density functional perturbation theory (DFPT). 37, 38 In this method the force constants matrix can be obtained by differentiating the Hellmann-Feynman forces on atoms with respect to the ionic co-ordinates.
This means that the force constant matrix depends on the ground state electron charge density and on its linear response to a displacement of the atoms. By variational principle the second order change in energy depends on the first order change in the electron density and this can be obtained by minimizing the second order perturbation in energy which gives the first order changes in the A u +2E u , and Optical modes: 8E u + 4A u + 3B u + 10E g + 5B g + 3A g . In these modes E u , and A u are Infrared Active whereas E g , B g and A g modes are Raman Active and B u modes are silent.
The calculated vibrational frequencies are presented in Table 4 
CONCLUSION
We have studied the high pressure structural stability, elastic constants, vibrational properties of scheelite type MGeO 4 (M = Zr, Hf) compounds which are good x-ray phosphors by using planewave pseudopotential method and electronic and optical properties using full potential linearized augmented plane wave method. We found that there is no structural phase transition till the studied pressure range of 20 GPa, which is in good agrement with the experiment. We also noticed that both the compounds are highly incompressible, and it is found to be more compressible along c-axis than along a-axis which might be due to the presence of strong covalent Ge-O bond along a-axis. This fact is also confirmed from the calculated elastic constants which follows the order C 11 > C 33 . In addition, we have also calculated the vibrational properties and discussed the Raman and IR frequencies of the germanates and are in resonable agreement with the experiment.
The investigated germanate compounds are found to be insulators and the band gap is more for HfGeO 4 than ZrGeO 4 . The optical properties were calculated and analyzed through the computed band structures. We also studied doping effect of Ti on electronic structure and we found this doped states to be near to the conduction band edge. As a result band gap of these compounds decreases, and we also observed the absorption spectra to shift to lower energy regions leading to the expectation that the emission spectra may be in the visible range which might be a reason for these compounds to be a good x-ray phosphors when doped with Ti. 
